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When two black holes merge in a dense star cluster, they form a new black hole with a well-defined
mass and spin. If that “second-generation” black hole remains in the cluster, it will continue to
participate in dynamical encounters, form binaries, and potentially merge again. Using a grid of 96
dynamical models of dense star clusters and a cosmological model of cluster formation, we explore
the production of binary black hole mergers where at least one component of the binary was forged in
a previous merger. We create four hypothetical universes where every black hole born in the collapse
of a massive star has a dimensionless Kerr spin parameter, χbirth, of 0.0, 0.1, 0.2, or 0.5. We show
that if all stellar-born black holes are non-spinning (χbirth = 0.0), then more than 10% of merging
binary black holes from clusters have components formed from previous mergers, accounting for more
than 20% of the mergers from globular clusters detectable by LIGO/Virgo. Furthermore, nearly 7%
of detectable mergers would have a component with a mass & 55M, placing it clearly in the mass
“gap” region where black holes cannot form from isolated collapsing stars due to the pulsational-pair
instability mechanism. On the other hand, if black holes are born spinning, then the contribution
from these second-generation mergers decreases, making up as little as 1% of all detections from
globular clusters when χbirth = 0.5. We make quantitative predictions for the detected masses,
mass ratios, and spin properties of first- and second-generation mergers from dense star clusters,
and show how these distributions are highly sensitive to the birth spins of black holes.
I. INTRODUCTION
As of 2019, the majority of detected stellar-mass black
holes (BHs) have been detected through gravitational
waves (GWs). The first two observing runs of LIGO and
Virgo (O1 and O2) yielded 10 binary black hole (BBH)
mergers [1–6], while the ongoing O3 run has already re-
ported several significant BBH candidates. Before the
decade is complete, we will likely have information about
the masses, spins, and cosmological redshifts of more
than 100 BHs. While there exist many proposed mecha-
nisms for forming double compact object mergers, such as
the evolution of massive binary stars [7–12], dynamical
formation in dense star clusters [13–26], long-term sec-
ular interactions with one (or more) bound companions
[27–40], migration and capture in AGN disks [41–44], and
even formation from primordial BHs [45], the vast major-
ity of these formation channels source their component
BHs from the collapse of massive stars. The outcome of
stellar collapse should obey similar physics regardless of
the formation channel or merger environment.
When a BBH merges in isolation, the resultant BH is
unlikely to interact again with other stars or BHs. But
when a merger occurs in a dense stellar environment, such
as a globular cluster (GC) or nuclear star cluster (NSC),
the fate of the remnant can be far more interesting. For
many years, it was assumed that most BHs produced
from the mergers of other BHs would be ejected from
their host clusters [46–49], because when the spins of the
BBH components are large, the merger products receive
large kicks (∼ 103km/s) due to the asymmetric emis-
sion of GWs [50, 51]. However, GW observations have
suggested that many of the BBH mergers observed by
LIGO/Virgo may have involved BHs with low intrinsic
spin, significantly reducing the recoil kicks experienced
by the merger products [6, 56].
If the recoil velocity of the merging binary is less than
the local escape speed, the newly-formed BH will be re-
tained by the cluster, creating a new generation of BHs.
These second-generation (2G) BHs will continue to par-
ticipate in three- and four-body dynamical encounters,
eventually forming new BBHs and potentially merging a
second time [58–60]. These mergers have unique masses,
mass ratios, and spins which may be difficult or impossi-
ble to produce from first-generation (1G) BBHs produced
from collapsing stars [61, 62]. In particular, both theo-
retical modeling of massive stars [63–65] and statistical
modeling of the LIGO/Virgo BBH catalog [56, 57, 66]
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2have suggested the existence of a gap in the BH mass
function above ∼ 40M, arising from pulsational pair in-
stabilities (PPIs) and pair-instability supernovae (PISN).
The detection of BHs in this upper-mass gap would be
strong evidence for the dynamical processing of BHs prior
to their eventual merger.
In this paper, we explore the properties of 1G and 2G
BBH mergers created from a realistic collection of GC
models. Using a cosmological model for star-cluster for-
mation, we create four hypothetical universes where the
birth spins of 1G BHs, χbirth, are uniformly 0.0, 0.1, 0.2,
or 0.5. As the birth spin of the BHs is increased, the re-
tention of the BBHs that merge in the cluster decreases,
changing the mass and spin distributions of the BBHs de-
tectable by LIGO/Virgo. In Section II, we describe the
physics of our GC models, and the weighting scheme we
use to reproduce the cosmological formation/evolution of
GCs and the detectable population of BBHs. In Section
III, we show how the retention of 2G BHs depends on
the birth spins. We also describe what fraction of BBH
mergers may contain a 2G BH, and what fraction of those
sources would lie in the PPI/PISN mass gap. In Section
IV, we show the mass, mass ratio, and spin distributions
of all 1G and 2G BBHs, and compare them to the cur-
rent catalog of GW observations. Throughout this paper,
we assume a flat ΛCDM cosmology with h = 0.679 and
ΩM = 0.3065 [67]. We describe the composition of BBHs
by the generation of their components (e.g. a 2G+1G
BBH has one 2G component and one 1G component),
where 1G BHs are created from collapsing stars, and 2G
components are created in a previous BBH mergers.
II. METHODS
We generate 96 models of dense star clusters using the
Cluster Monte Carlo (CMC) Code, a He´non-style N -
body code for stellar dynamics [68, 69]. Because the
He´non Monte Carlo approach can model the dynamics
of individual stars in a cluster, CMC can explicitly fol-
low the formation and evolution of potential GW sources
over many Gyr. The stars and binaries in our models
are evolved self-consistently from their zero-age main-
sequence births using the binary stellar evolution (BSE)
package [70–72], with updated prescriptions for the for-
mation of BHs and NSs from massive stars [24, and ref-
erences therein] and the PPI/PISN physics [59]. These
stars and binaries move dynamically through the cluster,
where they participate in all the gravitational dynam-
ics — collisional diffusion following the Fokker-Planck
approximation [68, 73], binary formation in three-body
encounters [74], strong gravitational encounters between
stars and binaries [75], tidal stripping by the galactic po-
tential — that can form merging BBHs.
A. Spins, Kicks, and post-Newtonian Dynamics
In [59], we added post-Newtonian (pN) corrections to
the orbital dynamics of isolated BBHs and strong gravi-
tational encounters involving BHs using the code devel-
oped and tested in [29, 76]. For BBHs that merge in-
side the cluster, we self-consistently calculate the final
mass, spin, and recoil velocity of the BH merger prod-
uct using detailed fitting formula from numerical relativ-
ity simulations [49, 52–55, 77–85]. See [59], Appendix A
for a complete description of the equations used. How-
ever, in that study we only considered 1G BHs with
zero spin (although we extrapolated our results to higher
birth spins). Furthermore, we later showed in [86] that
naively including the first and second pN corrections to
the equations-of-motion can introduce significant biases
in the measured eccentricities and binary classifications
during strong encounters.
In this paper, we perform the first self-consistent esti-
mates of 2G BBH formation with varying initial BH spins
and a realistic model for GC formation. Our GC initial
conditions are identical to those presented in [86], and
cover a range of initial particle numbers (2×105, 5×105,
106, and 2 × 106), initial virial radii (1pc and 2pc), and
galactocentric radii/stellar metallicities (2 kpc/0.25Z,
8 kpc/0.05Z, and 20 kpc/0.01Z). In this study, we
expand this grid in a fourth dimension, and consider ini-
tial 1G BH spins of 0.0, 0.1, 0.2, and 0.5, for a total of
96 GC models; although the spins of BHs can go as high
as 1, we find that a maximum χbirth of 0.5 is already
sufficient to eject the vast majority of 1G+1G mergers
from the cluster. We do not consider more complicated
prescriptions for BH spin based on the stellar mass and
metallicity, such as those presented in [87]. However,
those results suggest that heavier BHs (∼ 30M) may
be born with spins in the 0.0-0.2 range, allowing us to
extrapolate from the models presented here. The initial
positions and velocities of individual particles are drawn
from a King profile [88] with a concentration of w0 = 5.
The initial stellar masses are chosen from a Kroupa ini-
tial mass function (IMF) [89] in a range between 0.08M
to 150M. We assume that 10% of objects are initially
in binaries, with semi-major axes distributed flatly in log
from the point of stellar contact to the local hard/soft
boundary. Binary eccentricities are drawn from a ther-
mal distribution, p(e)de = 2e de. The primary mass, m1,
of each binary is taken from the IMF, while the secondary
mass is drawn from a flat distribution from 0 to m1.
B. GC Population and Detection Weights
In [59], we presented results from a series of GC
models with a subset of the initial conditions presented
here, but with no differentiation between clusters of dif-
ferent masses, ages, and metallicities. Here, we draw
our BBH samples from each GC model according to a
cosmologically-motivated model for GC formation [90].
3This model was first used to predict the merger rate of
BBHs from GCs in [91], and the weighting scheme we
use is described in detail in [86]. Briefly, this procedure
assigns to each GC model a weight based on how of-
ten clusters of that mass and metallicity are formed in
the semi-analytic model of [90]. We divide the masses
of GCs into 4 logarithmically-spaced bins, with one GC
model in the center of each bin. The cluster models are
then assigned a weight according to the integral of the
cluster initial mass function (CIMF) over the extent of
that bin. We assume a CIMF proportional to 1/M2GC;
although there is evidence that the CIMF may contain
an exponential-like truncation at higher masses [92, and
references therein], we find that our results are largely
insensitive to such a choice [though the same cannot be
said for the overall BBH merger rate; see 91]. We also
divide the metallicity of GCs into three bins, and as-
sign each cluster a weight based on the fraction of GCs
formed at that metallicity at that redshift (using the me-
dian star-formation metallicity in a given halo mass at
a given redshift from [93] and the relation between stel-
lar and gas metallicity from [94]). The weight assigned to
each GC model is the product of the mass and metallicity
weights. For each BBH merger, we convolve the merger
time of the BBH with the distribution of formation times
for GCs of that metallicity [See 86, Figure 1] by draw-
ing 100 random GC formation times for that BBH, and
adding each merger to our sample. In other words, the
merger time of a BBH is the cosmic time when that GC
formed plus the time taken for the BBH to form and
merge in that cluster. BBHs that merge later than the
present day are discarded. Each BBH is then assigned
the weight associated with its parent cluster, and it is
these weights we use to create the results presented here.
We note that our cluster formation model encompasses
dense stellar clusters beyond the classical GCs observed
in the local universe, and also includes low-mass open
clusters which have disrupted before the present day, as
well as super-star cluster formation in the local universe.
However, we refer to this population as GCs for simplic-
ity (and since the majority of BBH production occurs in
these massive, old systems).
This weighting procedure provides us with the under-
lying physical distribution of sources at a given redshift
interval per comoving volume, and throughout this pa-
per we present results over all redshifts and in the local
universe (defined as z < 1). But we are also interested
in the distribution of sources that can be detected by
LIGO/Virgo, for which we must consider both the in-
creased sensitivity of the detectors to BBHs of higher
masses and the larger amount of comoving volume sur-
veyed at higher redshifts. To that end, we also report a
detectable distribution of BBH mergers, created by mul-
tiplying the astrophysical weights by an additional de-
tectability weight. That weight is calculated with:
wdet ≡ fd(m1,m2, ~χ1, ~χ2, z)dV c
dz
dts
dto
, (1)
where fd(m1,m2, ~χ1, ~χ2, z) is the fraction of sources with
masses m1 and m2 and spin vectors ~χ1 and ~χ2 merging
at redshift z that are detectable by LIGO/Virgo, dV cdz
is the comoving volume at a given redshift, and dtsdto =
1/(1+z) is the time dilation between clocks at the source
and clocks on Earth.
To calculate fd(m1,m2, ~χ1, ~χ2, z), we first determine
~χ1 and ~χ2 by randomly drawing the spin angles isotrop-
ically on the sphere. We calculate the optimal matched-
filter signal-to-noise ratio (SNR), ρopt, for each sample
using a 3-detector network configuration consisting of the
Hanford, Livingston, and Virgo interferometers with pro-
jected design sensitivities [95]. Waveforms are generated
using the IMRPhenomPv2 approximant [96]. Using an
SNR detection threshold of ρthresh = 8.0, if ρopt < ρthresh,
the system is undetectable and fd(m1,m2, ~χ1, ~χ2, z) = 0.
Otherwise, we randomly sample the sky location, incli-
nation angle, and polarization angle of each potentially
detectable system N = 104 times and calculate the SNR,
ρi, for each of these realizations. fd(m1,m2, ~χ1, ~χ2, z) is
the fraction of these systems that exceed ρthresh:
fd(m1,m2, ~χ1, ~χ2, z) =
1
N
N∑
i
Θ(ρi − ρthresh) , (2)
where Θ is the Heaviside step function.
III. SECOND GENERATION BLACK HOLES
A. Birth Spins and Black Hole Retention
The key question in the production of 2G BHs in GCs
is whether the BBH mergers that occur in the cluster
can be retained by the cluster. In Figure 1, we show
the fraction of BBH merger products that are retained
in their host clusters as a function of birth spin, χbirth.
For the case where the birth spins of 1G BHs are zero,
nearly 60% of the merger products are retained in the
cluster, since the typical GW kicks are typically limited
to . 100 km/s, and depend entirely on the mass ratio
of the system. However, in the case where either compo-
nent has significant spin, either from birth or a previous
merger, then the kicks can exceed 1,000 km/s, signifi-
cantly beyond the typical escape speeds of GCs. In the
χbirth = 0.5 case, less than 3% of merger products are
retained. Furthermore, because the merger of two BHs
creates a new BH with a spin ∼ 0.7, 1G+2G and 2G+2G
BBH merger products are virtually never retained by the
cluster, regardless of χbirth. Out of 96 GC models and
nearly 104 BBH mergers, we only identify one case where
a 1G+2G merger is retained by the cluster, owing to
the chance alignment of its spins. That merger prod-
uct forms another binary and is rapidly ejected from the
cluster, creating a 3G+1G BBH merger. We also iden-
tify one case where a merger takes place during a strong
encounter between a single BH and a BBH. The merger
product is ejected from the cluster, but it remains bound
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FIG. 1. The effect of initial BH spin on the recoil kicks and
retention of BBH merger products. On the top, we show the
cumulative distribution of BH kicks for our χbirth = 0.0, 0.1,
0.2, and 0.5 models in blue, orange, green, and red, respec-
tively. The solid lines show the distribution kicks for bina-
ries comprised of both 1G components, while the dotted lines
show the kicks for merging binaries that include at least one
2G BH. On the bottom, we show the fraction of all BBH
merger products that are retained in the cluster as a function
of the birth spins of BHs.
to the third BH from the triple encounter, merging as a
3G+1G binary in the field [the “double mergers” iden-
tified by 100]. For simplicity, we count these systems as
2G+1G BBHs in our results, as their component masses
(both ∼ 80M+30M) would not distinguish them as a
3G BH. However, we do note that the spin magnitudes of
these 3G BHs (χ ∼ 0.39 and 0.45) are distinct from the
2G BHs, as is typical for mergers with small mass ratios
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FIG. 2. Same as the top panel of Figure 1, but showing the
cumulative kick distribution from the four sets of spin models
(solid lines), as well as the kick distributions the BBHs would
have experienced if their spin magnitudes had been drawn
from uniform distributions (dashed lines). Our χbirth = 0.1,
0.2, and 0.5 models produce nearly identical kicks to mod-
els where the spins were drawn from uniform distributions
between 0 and 0.2, 0.4 and 1, respectively.
[e.g., 77].
As noted above, our choice of birth spins for BHs –
setting χbirth to discrete values for all BHs regardless of
the details of the pre-collapse star – is highly simplis-
tic. In reality, it is entirely possible that the structure of
the massive stars that form BHs can determine the final
spin of the remnant, since the radial profile of the star
will determine the efficiency of angular momentum trans-
port out of the core once the star evolves onto the giant
branch. Recent detailed studies massive stars [97, 98],
in particular, have suggested that the magnetic Taylor
instability may be highly efficient at transporting angu-
lar momentum out of the cores of stars prior to collapse,
birthing BHs with extremely low (χbirth ∼ 0.01) spins.
Unfortunately, to the authors knowledge there exist no
published models relating stellar core masses, envelope
masses, and metallicities to final BH spins for the range
of initial conditions considered here. Studies of the BBH
population from LIGO/Virgo [e.g. 56, 99] have similarly
been unable to constrain the BH spin magnitude distri-
bution (although the possibility that all BHs are born
with near-maximal spins is becoming disfavored).
Our choice of discrete birth spins is different from pre-
vious dynamical studies in the literature [e.g., 58], which
drew spin magnitudes from a distribution uniform be-
tween 0 and 1 (as well as a high-spin model, which is
now disfavored). While these choices are both arbitrary,
they produce similar results. The distribution of kicks
for merging BBHs with spin magnitudes drawn from a
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FIG. 3. The fraction of BBH mergers that are comprised of
1G and 2G BHs as a function of the birth spins of 1G BHs.
In dashed orange, we show the fraction of BBH mergers that
contain one 2G BH, while dotted green shows the fraction of
mergers with both 2G components. We also show the fraction
of mergers with at least one 2G component that is greater
than 40.5M in dotted black (the beginning of the PPI/PISN
mass gap in our stellar evolution prescriptions), and greater
than 55M in solid black (our more conservative lower limit
for the beginning of the mass gap). The top panel shows the
relative fraction of 2G mergers over all redshifts, while the
middle panel shows the mergers in the local universe (z < 1).
The bottom panel indicates the relative fraction of mergers of
each type detectable by a three-detector LIGO/Virgo network
operating at design sensitivity (see Section II B).
U(0, χmax) distribution is nearly identical to the distri-
bution of kicks when χbirth = χmax/2, when marginaliz-
ing over all BBH spin orientations and magnitudes. In
Figure 2 we show the kick distributions from Figure 1, as
well as the distributions of kicks the merging BHs would
have received if their spin magnitudes had been drawn
from uniform distributions. The distributions are vir-
tually identical except at large kick velocities (where in
both cases the binaries would be ejected from the clus-
ter). This makes our χbirth = 0.1, 0.2, and 0.5 mod-
els equivalent to models where the spin magnitudes are
drawn uniformly from 0 to 0.2, 0 to 0.4, and 0 to 1, re-
spectively.
B. Black Holes in the Upper Mass Gap
The easiest identifying feature of 2G BHs is their char-
acteristically large mass. Both theoretical considerations
and the first few observed LIGO BBH mergers have sug-
gested the presence of an upper mass gap of stellar-
born BHs, where compact objects cannot form due to
PPIs/PISNs. In a sufficiently massive, post-carbon burn-
ing star with a helium core mass & 30M, the conver-
sion of photons to electron-positron pairs removes pres-
sure support from the core on a dynamical timescale.
In response, the stellar core contracts rapidly, increasing
to temperatures sufficient for carbon, oxygen, and sili-
con burning [e.g. 63]. If this injection of energy is less
than the binding energy of the star, as is the case for
helium-core masses in the 30M − 64M range, then
these PPIs will continue to eject mass from the star un-
til the final core mass is between 35M and 50M, and
the instability is avoided [64]. For stars with helium-
core masses in the 64M − 133M range, the first PPI
is more energetic than the star’s binding energy, and
the star is completely destroyed in a PISN. Because of
this, it is thought that no star can produce a BH with
a mass between 46M and 133M [65], though we note
that stars formed from the mergers of other massive stars
may not obey this constraint [e.g., 101]. In our prescrip-
tion for PPI/PISN, based on that developed in [102], any
star with a pre-collapse He-core mass between 45M and
65M is ground down to 45M by PPIs (with the BH
mass reduced by a further 10% in the conversion from
baryonic to gravitational mass), while any core mass be-
tween 65M and 135M is completely destroyed in a
PISN.
At the same time, [62] showed that, because
LIGO/Virgo can detect more massive BBHs to higher
redshift, the first 6 BBH detections already suggested an
upper bound on BH masses of ∼ 40M. They concluded
that the true maximum mass of the population could
be identified with less than 40 BBH detections. We ar-
gue that the detection of a BBH with a component in
the mass gap provide significant evidence of a dynam-
ical formation history for that object. This has been
noted previously [59, 61, 62], but without the cosmologi-
cal model for GC formation or varying initial spin distri-
butions, making this work the first to produce a realistic
astrophysical population of 2G BBH mergers. Further-
more, the detection of BBHs in the mass gap would pro-
vide information about the total contribution to the BBH
merger rate from clusters, since the fraction of mass-gap
6BHs to the total number of mergers can be theoretically
predicted.
In Figure 3, we show the fraction of all BBH mergers
from GCs that are the result of multiple mergers as a
function of the initial spin of 1G BHs. If it is assumed
that all BHs from stars are born with zero spin, then
nearly 13% of BBH mergers from GCs are 1G+2G merg-
ers, while 18% of all detected sources are. Only 1% of
mergers are 2G+2G, though this contributes 3% of de-
tected sources. Of the BBH mergers with at least one
2G component, 9% of all mergers (7% at z < 1) have
one component mass greater than 40.5M (representing
13% of the detected population), while 6% (3% at z < 1)
have a component greater than 55M (7% of detected
BBHs). Although the largest mass BH that can form
from a single star in our simulations is 40.5M [59, 102],
we assume a threshold of 55M as our gold-standard for
identifying BHs in the mass gap. This is largely moti-
vated by differences in the various population synthesis
approaches to implementing the PPI/PISN physics [e.g.,
102–104], though we note that the most recent super-
nova studies with realistic binary stellar evolution and
PPI physics produce a maximum BBH component mass
of 46M [65].
As we consider models with larger 1G BH birth spins,
the fraction of 2G BBH mergers decrease dramatically, as
the GW recoils eject significantly more of the 1G BBH
merger products from the cluster. Increasing the birth
spins of 1G BHs from 0.0 to 0.1 decreases the fraction
of BBH mergers with a 2G component by more than a
factor of two, while the fraction of detected BBH mergers
with a component definitively in the mass gap (& 55M)
decreases from 7% to 4%. If we consider a universe where
χbirth = 0.5 for all 1G BHs, less than 1% of BBH mergers
from globular clusters contain 2G BHs, and only 0.3% of
detected mergers would be definitively in the mass gap.
Of course, if the spin magnitudes of BHs were ∼ 0.5,
then the contribution to the BBH merger rate from GCs
could be easily identified by spin measurements alone,
[e.g. 105–107], regardless of the contribution of 2G BBH
mergers.
IV. MASSES AND SPINS
We now explore the mass, mass ratio, and spin distri-
butions of 1G and 2G BBHs from our four cluster pop-
ulations, and briefly compare them to the current LIGO
detections. A full statistical comparison between the dis-
tributions presented here and the LIGO/Virgo posterior
probability distributions is beyond the scope of this pa-
per, but for reference we show the median and 90% cred-
ible intervals for the masses and effective spins of the 10
LIGO/Virgo BBH detections. We also show the BBH
catalog released by [108–111], containing a reanalysis of
the 10 published LIGO/Virgo events and 7 new BBHs
candidates identified on O1 and O2 (though we only show
the 7 new BBH candidates that were not identified in the
original LIGO/Virgo catalog). We refer to this as the IAS
catalog.
A. Masses
In Figure 4, we show the population of total masses
from each of our four GC populations, showing sepa-
rately the distribution of BBH mergers across all red-
shifts, in the local universe (z < 1), and the distribution
detectable by a three-detector LIGO/Virgo network op-
erating at design sensitivity. We divide each population
into 1G+1G, 1G+2G, and 2G+2G sub-populations, each
normalized to the total BBH merger population. As was
obvious in Section III and Figure 3, a significant popula-
tion of 2G+2G mergers can only be produced from GCs
in the case where the birth spins of 1G BHs are zero.
As a result, the population of BBHs with total masses
> 120M virtually disappears when χbirth > 0.
The population of 1G+2G BBH mergers is less depen-
dent on the BH birth spins than the 2G+2G mergers,
since almost any 2G BH retained in the cluster will be
ejected as a binary. As an example, in a cluster with 106
initial particles, rv = 1pc, and Z = 0.01Z, 48 2G BHs
are produced by in-cluster mergers of 1G+1G binaries,
31 of which are retained by the cluster when χbirth = 0.
Of those 31 BHs, 16 are later ejected from the cluster
as binaries while 11 merge again inside the cluster, but
only 4 are ejected as single BHs. This is in stark con-
trast to the 1G BHs, of which nearly 76% are ejected
as single BHs, a fraction consistent with previous semi-
analytic estimates for the number of single stars ejected
by a single hard binary [112, 113]. This difference arises
because 2G BHs are typically the most massive BHs in
the cluster at any given time, making them more likely
to exchange into a less-massive BBH [114]. Additionally,
such 2G BHs are less likely to be ejected from the cluster
during an encounter with a BBH, since most 2G BHs will
be similar in mass to 1G+1G BBHs.
As the birth spin of BHs is increased, the fraction of
BBHs with masses greater than 80M also decreases sig-
nificantly in Figure 4. Somewhat surprisingly, there ex-
ists a small population of 1G BBHs with total masses
∼ 120M, even when χbirth = 0.5. These handful of ob-
jects, while rare, are produced very early in the cluster
lifetime, either by stable mass transfer onto a 40.5M
BH, or by stellar mergers which produce massive stars
with atypically large hydrogen envelopes and small he-
lium cores [101, 134]. These objects are largely the result
of the stellar merger handling in BSE and our adopted
PPI/PISN prescriptions, and it is not obvious whether
such objects could exist in nature.
At first glance, it appears that the lack of GW sources
with total masses & 100M would suggest against a uni-
verse where χbirth = 0 for all 1G BHs. However, we stress
that, with 10 BBH detections from LIGO/Virgo (and 17
candidates from the IAS), the lack of such super-heavy
BBHs is still consistent with the statistics quoted here,
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FIG. 4. The distribution of total BBH masses for the mergers from our four GC populations with different birth spins for 1G
BHs. The χbirth = 0.0, 0.1, 0.2, and 0.5 distributions are shown in each row from top to bottom. The left hand column shows
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show the contribution from 1G+1G, 1G+2G, and 2G+2G mergers, normalized to the total number of BBH mergers from all
generations. In the detectable column, the fuchsia and turquoise ticks show the the total masses from the LIGO/Virgo and
IAS catalogs from O1 and O2.
since only 9% of detected BBHs have total source-frame
masses greater than the most massive BBH identified to
date [GW170729, at 85M, 6], and only 4% of detected
BBHs have total masses greater than 100M, even when
χbirth = 0.0. These fractions decrease to 2% above 85M
and 0.5% above 100M, respectively, when χbirth = 0.5.
However, as the size of the LIGO/Virgo BBH catalog
continues to grow, it will become easier to either identify
(or rule out the existence of) such massive BBHs in the
universe.
In Figure 5, we break down the events presented in
Figure 4 into their individual components. Instead of
showing full 2D histograms, for simplicity we only show
where 50%, 90%, and 99% of all sources lie in the m1-
m2 plane. We also show which bins are dominated by
1G+2G and 2G+2G mergers. There it becomes obvi-
ous that any significant number of detections, certainly
within the 90th percentile, cannot be produced with com-
ponent masses above 40M when the birth spins of BHs
are large. We also note that GW170729 can be easily
formed in the χbirth = 0.0 models, where it lies in the re-
gion and mass bin that is dominated (more than 50% of
mergers) by 2G BHs, although many of the BBHs in that
region are also composed of 1G BHs. This is consistent
with statistical studies of GW170729 [115, 116], suggest-
ing that while the event is consistent with a 2G BBH
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merger, there is insufficient evidence to say definitively.
Finally, we note that the two lowest mass BBHs in
Figures 4 and 5 also appear to be just outside the 99
percentile regions for the masses from GCs. This is be-
cause we have restricted ourselves to classical GCs with
large virial radii and low metallicities. However, by con-
sidering systems with Z ∼ Z, such as super-star clusters
or open clusters [e.g., 118], dynamics can easily produce
such low-mass BBHs [117]. Furthermore, the current col-
lection of GC models do not form low-mass BBHs be-
cause any 5-10M BHs that remain in the cluster are
not participating in dynamical encounters at the present
day. BBH-forming encounters are dominated by the most
massive remaining BHs in the clusters [122], which with
our assumed initial conditions are typically in the 10-
15M range. However, if GCs are born with significantly
smaller initial virial radii (∼ 0.5pc), then all BHs, includ-
ing the low-mass BHs, will be processed into binaries and
ejected from the cluster by the present day. Such ultra-
compact clusters are not considered here, but are neces-
sary to explain the observation of core-collapsed GCs in
the Milky Way and other galaxies [119, 120].
B. Mass Ratios
The dynamical formation of BBHs in GCs typically
involves the most massive BHs available in the cluster
at any given time [e.g, 122]. Even if a BBH were to
form with a significantly low mass ratio, repeated binary-
single and binary-binary encounters would preferentially
exchange BHs into the binary in favor of creating a nearly
equal-mass system [114]. The BBHs that merge in the
cluster therefore tend to have nearly equal mass compo-
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FIG. 6. Similar to Figure 4, but showing instead the distribution of mass ratios, m2/m1 (where m2 < m1) for all BBH mergers
from the four GC spin populations. Note that we do not show the posterior distributions for the LIGO/Virgo or IAS events,
as the 90% credible regions are very poorly constrained.
nents drawn from the most massive BHs in the cluster.
When a BBH merges, its 2G merger product — if it is
retained in the cluster — is then nearly twice the mass
of the most massive 1G BHs. And because GCs typically
only harden ∼ 1 BBH at any given time, that 2G BH
is most likely to rapidly merge again before the cluster
can form another 2G BH. We note that this is not true
in NSCs, where the larger escape speeds make it possible
to retain mergers of even 2G BBHs, potentially building
several successive generations of BBH mergers [58, 121].
In Figure 6, we show the mass ratio distributions for
our four χbirth populations of GCs. As expected, the dis-
tribution of 1G+1G BBHs piles up strongly at a mass
ratio of 1, as seen in previous dynamical studies [25].
However, the 1G+2G BBHs peak at a much lower mass
ratio of ∼ 0.5, because the 2G BH in these binaries is
typically twice the mass of the most massive 1G BHs in
the cluster. The detected distribution of BBHs shows
a significant secondary peak in the mass ratio distribu-
tion at q ∼ 0.5, driven by the more massive 1G+2G and
their correspondingly larger detection weights. Finally,
the handful of 2G+2G BBHs typically have mass ratios
closer to unity. This is consistent with the trend towards
equal mass binaries: if a cluster manages to retain two
2G BHs at once, one 2G BH will likely eject any 1G BH
bound to its fellow 2G BH, in favor of creating a near-
equal mass 2G+2G system.
C. Effective Spins
Even for non-spinning BHs, a BBH merger produces
a remnant with χ ∼ 0.7 [e.g., 77, 80, 123]. Because of
this, we expect BBH mergers with 2G components to
have some spin regardless of the χbirth of 1G BHs. Un-
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FIG. 7. Similar to Figure 4, but showing instead the distribution of effective spins for all BBH mergers from the four GC
spin populations. Note that we have reweighted the posterior distributions from the IAS catalog to use a prior probability
distribution with uniform spin magnitudes and isotropic spin orientations.
fortunately, what GW experiments measure best is not
the individual spins of the components, but the effective
spin of the BBH, χeff , given by the mass-weighted pro-
jection of the spins onto the orbital angular momentum
of the binary:
χeff =
[
m1 ~χ1 +m2 ~χ2
m1 +m2
]
· Lˆ . (3)
For dynamically-assembled BBHs, the angle between the
spin and orbital angular momenta is expected to be
isotropically distributed [105], suggesting that the distri-
bution of χeff should be symmetric and centered on zero,
with a tail determined by the spins of the components
and the mass ratio distribution of the binaries.
In Figure 7, we show the χeff distributions for our
four χbirth populations. If we assume that LIGO/Virgo
can confidentially exclude non-zero spins for BBHs with
|χeff | & 0.2 [e.g., 6, 124], then the worst-case scenario
for detecting the spin of BBHs from dense star clusters
is the case where χbirth = 0.2. There, only 1% (2%) of
the actual (observed) distribution of BBHs will merge
with |χeff | > 0.2. If 1G BHs are born with no spin, the
production of 2G BBH mergers through repeated merg-
ers can produce a population with significant spin, with
8% (11%) of the actual (observed) population of BBHs
having |χeff | > 0.2. On the other hand, if the spins of
1G BHs are 0.5, then 37% of all BBH mergers (actual
and observed) will have |χeff | > 0.2. Because we have
assumed that all 1G BHs are born with the same spins
regardless of their masses, there is no difference between
the observed and actual distributions of χeff for 1G BBH
mergers. However, because BBHs with 2G components
are characteristically more massive, they are detectable
in a larger volume of space.
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As with Figure 4, we also show the median and 90%
regions of the 1-dimensional marginalized posteriors for
χeff in Figure 7. However, the posterior distributions
provided in [111] and [56] were computed using differ-
ent prior probabilities for the spin distributions. The
LIGO/Virgo parameter estimation prior assumes a uni-
form distribution of component spin magnitudes with the
spin orientations isotropically distributed on the sphere.
The IAS parameter estimation, on the other hand, uses
a uniform prior on χeff . This flat prior distribution is not
peaked at χeff = 0 (unlike the LIGO/Virgo prior) and is
partially responsible for the large spins — e.g. the me-
dian χeff of 0.81 and −0.7 for GW151216 and GW170403
respectively — reported by the IAS analysis. To present
our results self-consistently, we reweight the posterior
samples from the IAS using the same prior probability
distribution employed by LIGO/Virgo analysis.
Unlike the previous plots, the distribution of measured
χeff shown in Figure 7 is significantly different between
the LIGO/Virgo and IAS catalogs. As stated above,
the IAS catalog contains a candidate BBH merger —
GW151216, with median posterior probability of χeff =
0.81 (under the flat χeff prior) or χeff = 0.63 (under
the uniform in spin magnitude/isotropic in spin direction
prior) — that cannot be easily produced by any of the
models presented here [109, 110]. We find no BBH mod-
els with χeff = 0.81, and even if all 1G BHs were born
with maximal spins [an assumption already disfavored
by model selection of the 10 LIGO/Virgo BBHs, 56], less
than 2% of BBH mergers would have χeff > 0.81. If
we instead assume a prior with isotropic spin directions
and uniform spin magnitudes, we can produce 2G+2G
mergers with χeff = 0.63, but even then, only 0.2% of de-
tected 2G+2G mergers have sufficiently aligned spins in
the χbirth = 0.0 model. We note that GW151216 is only
given a 71% of being of astrophysical origin [111]; how-
ever, if further detections reveal these events to be part
of a population of highly spinning and aligned BBHs, it
would suggest another formation mechanism for BBHs
may also operate in the universe, such as the chemically-
homogeneous binary evolution channel [126–128].
While cluster dynamics cannot easily produce the
most highly spin-aligned BBH candidate, it is a nat-
ural explanation for the most spin-anti-aligned event,
GW170121. This event from the IAS catalog, which
(unlike GW151216) has a >99% chance of being astro-
physical, is also the first BBH event with significant spin
anti-alignment. Under both priors, 90% of the posterior
support for χeff is less than zero. Furthermore, the me-
dian value of the χeff posterior (−0.3 when a flat prior
is employed, and −0.2 when using an isotropic/uniform
spin prior). This configuration is unlikely to arise from
isolated binary evolution without significant BH natal
kicks [105, 125], but can easily be explained by dynami-
cal processing of BBHs. 6% of all detected BBHs in our
χbirth = 0 models have χeff ≤ −0.2. As the birth spins
are increased, this number decreases to 1% of all merg-
ers when χbirth = 0.2 (due to the depletion of 2G BHs)
before increasing to more than 18% of detected mergers
when χbirth = 0.5. If we assume that GW170721 origi-
nated in a dense stellar environment, then its large, neg-
ative effective spin would require either significant birth
spins for 1G BHs or significant numbers of 2G BHs (and
correspondingly low birth spins). However, models with
χbirth = 0.1 or 0.2 would be less likely to produce such
systems, as only 2% and 1% of detected BBHs from those
models have χeff ≤ −0.2.
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FIG. 8. The cumulative distribution of the component spins
for 2G BHs which merge across all redshifts. We show the dis-
tributions for our χbirth = 0, 0.1, 0.2, and 0.5 populations in
blue, orange, green, and red, respectively. As the birth spins
of BHs are increased, the distribution broadens from being
very strongly peaked at χfinal ≈ 0.69 when χbirth = 0.0 to
having a median of 0.62 when χbirth = 0.5. For completeness,
we also include the two 3G BHs that form and merge (with
lower χfinal) in the χbirth = 0.0 population; see section II A.
The merger of two non-spinning, equal-mass BHs will
produce a final BH with a spin of χfinal ∼ 0.69. However
the final spin of the newly-formed BHs depends strongly
on both the mass ratio, with smaller mass ratios prefer-
ring lower spins [e.g., 77], and the spin magnitudes and
orientations at the point of merger [80–82]. Of course,
while this 7-dimensional parameter space (the two BH
spin vectors and the mass ratio) determine the final spin
of the BH, they are also the parameters responsible for
the magnitude of the GW recoil kicks imparted to BBH
merger remnants. Because of this, certain regions of final
mass and spin parameter space for 2G BBHs are inacces-
sible in realistic clusters, because the BBH configuration
required to produce a given remnant would also result in
a GW kick greater than the escape speed of the cluster
[e.g., 49].
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As an example, in our χbirth = 0.0 models, the entirety
of the GW recoil kick for 1G+1G BBH mergers is driven
by the mass ratio of the system: when the components
are of equal mass, no kick is given, and the spin of the
remnant is χfinal ≈ 0.69. As the mass ratio is decreased,
the kick increases, to a maximum of ∼ 175±11km/s when
the mass ratio is q ∼ 1/3 [78], while the remnant spin de-
creases to χfinal ≈ 0.55, [c.f. Table 1 of 77]. In Figure 8,
we show the spin magnitudes of all the 2G BBHs that
merge in our four GC universes, and can clearly see that
the distribution of 2G spin magnitudes from χbirth = 0
universe are strongly concentrated at χfinal ≈ 0.69, with
90% of sources lying between 0.67 and 0.69. As the birth
spin of BHs is increased, the component spins of the 2G
BHs become less concentrated: the distribution of final
spins for the χbirth = 0.5 universe has a median of 0.62,
with 90% of sources having final spins between 0.53 and
0.72. This broadening is largely a result of the increas-
ing parameter space of BBH mergers that produce low-
kick BBH mergers as we consider systems where the spin
vectors of the two BHs are important. We leave a full
mapping of the final BH spin and BH retention fraction
to future work.
V. CONCLUSIONS
In this paper, we explored the production, merger
properties, and detectable populations of 2G BHs: BHs
which were forged by previous BBH mergers in the cores
of dense star clusters. Using self-consistent dynamical
models of GCs with different birth spins for BHs, we
showed that if all BHs created from stellar collapse are
born with no spin, then more than 10% of all BBH
mergers from clusters (and nearly 20% of the detections)
should have at least one component created during a pre-
vious merger. Of those, ∼ 7% would have at least one
component above 55M, placing it clearly in the upper-
mass gap where the formation of BHs from single or bi-
nary stars is inhibited by the PPI/PISN mechanism. If
the birth spins of 1G BHs is higher, the retention of 2G
BHs by the cluster decreases, and the number of 2G BBH
mergers drops precipitously. In the largest spin model we
consider, where χbirth = 0.5, less than 3% of 2G BHs are
retained by the cluster, and less than 1% of detectable
BBH mergers contain 2G BHs.
As previously stated, if all 1G BHs were born with
spins of χbirth = 0.5, then measurements of the spins
would themselves be an effective tool to distinguish BBH
formation scenarios. As GW parameter estimation can
reliably measure χeff to within a 90% uncertainty of
±0.2, we would expect that LIGO/Virgo would already
have evidence for or against the dynamical formation
scenarios (as ∼ 20% of all BBHs from GCs would have
χeff < −0.2). In many ways, the worst case scenario for
identifying BBHs from the dynamical formation channel
would be the case where χbirth ∼ 0.2. In that regime,
the birth spins of 1G BHs are too low to be reliably mea-
sured (less than 2% of detected BBH mergers would have
χeff < −0.2), while . 5% of detected mergers would have
components in the mass gap. However, the recently iden-
tified BBH candidate GW170121 has χeff < 0 at 90%
confidence, regardless of the assumed prior distribution.
If it is assumed that this BBH was created in a dense stel-
lar environment, then it suggests either that all 1G BHs
are born with low spins, creating a population of highly
spinning, retained 2G BBH mergers, or that the birth
spins of 1G BHs are significantly larger than χ ∼ 0.2.
Throughout this paper, we have limited ourselves to
2G BHs that were created from the mergers of previous
BHs. However, it has been proposed for many years that
massive BHs, and even the progenitors of intermediate-
mass BHs (IMBHs), could be forged by the repeated
mergers of massive stars during the early stages of cluster
evolution [101, 129–134]. We identified a handful of these
objects in Section IV A, and noted that some merged with
components & 55M, even though they were considered
1G BHs in our simulations. These objects could have
important implications for the formation of BHs in the
mass gap and for the creation of both IMBHs and the
seeds of super-massive BHs. However, significant work
remains to be done to better understand the evolution of
massive stars that are created from the mergers of other
massive stars.
We have also only considered GCs that are born with
initial binary fractions of 10%. This is a standard choice
in stellar dynamics, as it has been shown to reproduce the
binary fraction of present-day GCs [72, 135]. However,
given the short lifetimes of massive stars, the initial bi-
nary fraction of massive stars in young GCs is essentially
unconstrained [though observations in the local universe
suggest fractions as high as 70%; see 137]. This has been
shown to effect the merger rate of BBHs from GCs [117],
and would have a significant impact on the production of
2G BBHs in GCs, particularly if the majority of massive
stellar binaries produced BBHs that merged early in the
cluster lifetime [e.g., 136]. These 2G BHs might have dis-
tinct properties from those studied here, most of which
were created through dynamical encounters. We leave a
proper study of the effects of massive binary stars and
their resultant BBH mergers in clusters to future work.
Finally, we note that showing the distributions of the
median values from both the LIGO/Virgo and IAS cata-
logs is a crude way to compare the results from O1 and O2
to the distributions presented here. A more appropriate
comparison between different formation channels and the
LIGO/Virgo results, such as those presented in [57, 138–
143], is beyond the scope of this paper. However the true
scientific potential of GW astronomy will depend on do-
ing a proper comparison between the full 15-dimensional
posterior distributions for GW events and multiple theo-
retical distributions, such as the ones presented here. A
study comparing the observational and theoretical dis-
tributions using Bayesian model selection techniques is
currently underway [144].
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